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A step towards a theory of everything



A note: I will pause for 
questions, but please also 

feel free to shout out
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The path here
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Hometown, and early education
• Shrewsbury

• The Grange 

Secondary 
School


• Shrewsbury 
Sixth Form 
College
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Early interest in physics

• The BIG questions

• How did the universe begin?

• Where is it going?

• Theory of everything?
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Early interest in physics

• The BIG questions

• How did the universe begin?

• Where is it going?

• Theory of everything?


• Amazing facts

• E=mc2

• Time dilation

• The double slit experiment


• Feeling that my most basic 
understanding of reality was wrong


• “Reductionism” (more to come!)
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Undergraduate degree
• Most researchers complete two or more degrees

• One (mostly) to learn about the topic

• And one (mostly) to learn how to research the topic


• My undergraduate degree was a 4 year Master’s degree 
in Physics at University College, Oxford

11



Postgraduate degree
• My postgraduate degree 

was a 4 year PhD at the 
University of 
Birmingham 


• I spent ~1.5 years at 
CERN, in France/
Switzerland
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Postdoc
• Most graduates who want to stay on in academia do one 

or more “postdocs”

• Mine was also at the University of Birmingham

• I was there for another two years

• This may be somewhat unusual in the US


• Postdocs still work for an advisor, but are usually more 
independent
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Fellowship
• I am now a Chamberlain Fellow at LBNL

• Fellowships are like postdocs, but often more 

independent, and not always with an advisor
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A long journey (so far)!
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Any questions?
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Basic concepts
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… and why they’re important



What is our world made of?
• Take this (simplified) description of a human being:
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Human Organs (+ blood, bones etc.)



Organs Cells
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Molecules
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What is our world made of?
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Electrons

Nucleus

What is our world made of?
• Take this (simplified) description of a human being:



Nucleus
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Protons

Neutrons

What is our world made of?
• Take this (simplified) description of a human being:



Protons

(naïvely)

Neutrons

(naïvely)

Up quarks

Down quarks
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What is our world made of?
• Take this (simplified) description of a human being:



Human
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Electrons

Up quarks

Down quarks

• Thus, a human is ~entirely made up of electrons, up 
quark, and down quarks

Reductionism



Up quarks

Down quarks

Electrons

• But so is almost everything else:
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Reductionism



The matter particles

Up quarks

Down quarks

Electrons
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Neutrinos (the

“little neutral one”)

Enrico Fermi
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The matter particles

http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCMrh-Y2i28YCFSpK2wodB38Iqw&url=http://motls.blogspot.com/2011_06_01_archive.html&ei=7lalVcqyNaqU7QaH_qHYCg&bvm=bv.97653015,d.ZGU&psig=AFQjCNHyi5KnEtOZFivsE7O-DzKtKQrO4Q&ust=1436985447638598


Heavier cousins

(except possibly for the neutrino)
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The matter particles
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The charm quark

(more on this later!)

The matter particles



Even heavier cousins

(except possibly for the

neutrino again…)
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The matter particles



• Particle physics is not just about what the world is made 
of, it is also about how it works
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• Particle physics is not just about what the world is made 
of, it is also about how it works


• It describes how reality functions on the most 
fundamental level through things called “interactions” or 
“forces”
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Richard Feynman

Interactions/forces



• Particle physics is not just about what the world is made 
of, it is also about how it works


• It describes how reality functions on the most 
fundamental level through things called “interactions” or 
“forces”


• Reality is nothing but particles and their interactions, so 
in principle the reason for EVERYTHING must reduce to 
particle physics

• This is what is meant by a Theory of Everything!
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Interactions/forces



• Gluon


• Mediates the 
strong force


• Holds nuclei 
together


• Responsible 
for most LHC 
collisions


• SU(3) 
symmetry
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The force carriers



• Photon


• Mediates the 
EM force


• Responsible 
for 
Chemistry, 
Biology, and 
almost 
everything 
around us!


• U(1) 
symmetry
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The force carriers



• W and Z 
bosons


• Mediates the 
weak force


• Only massive 
gauge bosons


• Responsible 
for 
radioactive 
decay


• SU(2) 
symmetry
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The force carriers



The Standard Model
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• The ‘Lagrangian’ contains all the laws of physics in the 
Standard Model - all the particles and all the forces


• Particle physicists try to discover the Lagrangian of our 
universe
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The Standard Model



40

But what is missing?



• GRAVITY! 

• General relativity used at 
the moment, but it is not 
quantum mechanical


• Graviton?
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But what is missing?



42

… What else?



• Dark matter


• WIMPs (Weakly 
Interacting Massive 
Particles)
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… What else?
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… Anything else?
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… Anything else?
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• 26 free parameters!

Other questions/problems



• 26 free parameters!

• Why three generations? And why do they get heavier?
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Other questions/problems



• 26 free parameters!

• Why three generations? And why do they get heavier?

• Where did all the anti-matter go?
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Other questions/problems



The Large Hadron Collider
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Why such big colliders?

• LHC is 27 km in 
circumference, to 
(eventually) get to 
energies of 14 TeV
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Why such big colliders?

• LHC is 27 km in 
circumference, to 
(eventually) get to 
energies of 14 TeV


• E=mc2


• E=kBT


• Δx~hc/4πE 
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Any questions?
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2 minute stretch break
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My research
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Probing the interaction strength of 
the Higgs boson to the charm 

quark



57

The ATLAS detector



The Higgs boson

• A NEW fundamental particle and 
interaction
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The Higgs boson

• A NEW fundamental particle and 
interaction


• Electroweak symmetry breaking

• Generates mass

• Non-zero vacuum expectation 

value

• Only spin-0 particle

• Completes the Standard Model
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My research
1. Searching for Higgs boson decays to non–Standard 

Model particles
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• Ad hoc: no explanation of masses, and no underlying 
symmetry principle


• Why three generations? And why do they get heavier?

• Not sure how yet…

• Lots of theories beyond the Standard Model predict 

values of the interaction strength that disagree with 
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Why the charm quark?

84

• Ad hoc: no explanation of masses, and no underlying 
symmetry principle


• Why three generations? And why do they get heavier?

• Not sure how yet…

• Lots of theories beyond the Standard Model predict 

values of the interaction strength that disagree with 
the Standard Model


• To find the Theory of Everything!!!



How to probe an interaction strength?
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• There are lots of ways…

• The most direct ways are to measure physics processes 

that include the interaction

• You can measure the production:

PRL 115 (2015) 211801

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.211801


How to probe an interaction strength?
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• There are lots of ways…

• The most direct ways are to measure physics processes 

that include the interaction

• You can measure the production:

PRL 115 (2015) 211801WORK IN
 PROGRESS

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.211801


• There are lots of ways…

• The most direct ways are to measure physics processes 

that include the interaction

• You can measure the production

• You can also measure the decay:

How to probe an interaction strength?
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• Look for Higgs bosons produced in association with a Z 
boson

ZH associated production

89
PRL 120 (2018) 211802

My PhD Thesis

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.211802
https://cds.cern.ch/record/2723259
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My PhD Thesis

PRL 120 (2018) 211802
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events


• Reject massive background from jets
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• Look for Higgs bosons produced in association with a Z 
boson


• Z boson decays to leptons are used to trigger the 
events


• Reject massive background from jets

• Categorise events based on Z boson transverse 

momentum

ZH associated production
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My PhD Thesis

PRL 120 (2018) 211802

https://cds.cern.ch/record/2723259
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.211802


• Particles containing charm quarks often drift away from 
the proton–proton interaction point before decaying

• This leaves a distinctive signature in the inner 

tracking detector

Charm-Jet Tagging
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Sketch from D0

PRL 120 (2018) 211802

https://www-d0.fnal.gov/Run2Physics/top/singletop_observation/singletop_observation_updated.html
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.211802
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Sketch from D0

• Particles containing charm quarks often drift away from 
the proton–proton interaction point before decaying

• This leaves a distinctive signature in the inner 

tracking detector

• Machine learning used to tag charm jets

PRL 120 (2018) 211802
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.211802
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Sketch from D0

• Particles containing charm quarks often drift away from 
the proton–proton interaction point before decaying

• This leaves a distinctive signature in the inner 

tracking detector

• Machine learning used to tag charm jets

• Performance:

• c-jet efficiency = 41%

• Light flavour–jet rejection = 20

• b-jet rejection = 4.0

PRL 120 (2018) 211802

https://www-d0.fnal.gov/Run2Physics/top/singletop_observation/singletop_observation_updated.html
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.211802


Charm-Jet Tagging
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Sketch from D0

• Particles containing charm quarks often drift away from 
the proton–proton interaction point before decaying

• This leaves a distinctive signature in the inner 

tracking detector

• Machine learning used to tag charm jets

• Performance:

• c-jet efficiency = 41%

• Light flavour–jet rejection = 20

• b-jet rejection = 4.0


• 1 and 2 charm-tag categories used

PRL 120 (2018) 211802

https://www-d0.fnal.gov/Run2Physics/top/singletop_observation/singletop_observation_updated.html
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.211802


Results
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.211802


Results
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PRL 120 (2018) 211802

σ < 110 x σSM
(95% confidence level)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.211802
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• This was the first search of its kind


• New searches have since been performed by ATLAS 
and CMS


• Still some way from Standard Model sensitivity


• Will likely ultimately need to use both Higgs boson 
decays to charm quarks, and H+c production


• Hopefully more to come on H+c production very soon…

https://arxiv.org/abs/2201.11428
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-008/index.html


If you want to know more
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• Find more information on the CERN and ATLAS 
websites


• See also the ATLAS and U.S. ATLAS outreach websites

• Keep up-to-date with many of the latest developments 

with the ATLAS Physics Briefings

• Also keep an eye out for the International Masterclass, 

and any upcoming ATLAS Virtual Visits

• “Overview for Non-Physicists” section of my PhD thesis

• And much more…

https://home.cern
https://atlas.cern
https://atlas.cern/tags/outreach
https://po.usatlas.bnl.gov/programoffice/outreach.php
https://atlas.cern/updates/briefing
https://physicsmasterclasses.org
https://atlas-public.web.cern.ch/Discover/Visit/Virtual-Visit
https://cds.cern.ch/record/2723259


Thanks for listening!
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Any questions?


